1. Introduction {#sec1}
===============

Lassa virus (LASV) is an Old World arenavirus that causes Lassa fever, a severe and fatal viral hemorrhagic fever in human[@bib1]. Endemic in West Africa, LASV causes an estimated 100,000 to 300,000 infections and 5000 deaths each year[@bib2]. In the years of 2018 and 2019, Nigeria witnessed two unprecedented Lassa fever outbreaks, resulting in 633 and 810 confirmed cases with case fatalities of 27% and 20.6%, respectively[@bib3]^,^[@bib4]. According to World Health Organization (WHO)\'s brochure on pandemic and epidemic diseases, LASV is listed as one of the top priority pathogens, and urgent research and development for diagnostic tests, antivirals and vaccines are underway[@bib1].

LASV is an enveloped single negative-strand RNA virus and the surface glycoprotein complex (GPC) is responsible for the entry of LASV into host cells[@bib5]. LASV GPC is a trimer of three non-covalently associated subunits stable signal peptide (SSP), GP1 and GP2. The 58 amino-acid-long SSP is a twice membrane-spanning stable signal peptide that is crucial in GPC mediated fusion[@bib6]. GP1 binds to *α*-dystroglycan (*α*-DG), the cell surface receptor of LASV, resulting in the virus--cell surface attachment[@bib7] followed by endocytosis. The fusion of LASV takes place in endosome, where LASV GP1 switches from *α*-DG to lysosome-associated membrane protein 1 (LAMP1) on the inner endosomal membrane[@bib8]. GP2 is a class I fusion protein that drives viral-cell membrane fusion under high proton environment in the late endosomes[@bib9]. Previous studies have shown that LASV GP2 exists in a non-covalent interaction with SSP[@bib10], [@bib11], [@bib12], [@bib13], and that this interaction is indispensable in LASV GPC mediated membrane fusion[@bib6]^,^[@bib14]^,^[@bib15]. Moreover, this interaction between GP2 and SSP is conserved among arenaviruses, providing a unique target for arenavirus fusion inhibition[@bib16].

There is currently no approved antivirals or vaccines against LASV. Clinical therapeutic treatment is limited to an off-label use of the broad-spectrum antiviral ribavirin[@bib17]. Although a few small molecule LASV entry inhibitors have been reported[@bib18], [@bib19], [@bib20], [@bib21], [@bib22], [@bib23], [@bib24], LHF-535 is the only LASV entry inhibitor that is currently under clinical investigation[@bib25]. Natural products have long been recognized as a valuable source of drug discovery, while the natural product in dietary supplement is one category among millions of natural products with the property of high safety besides of their structural diversity and biological significance[@bib26]. In this study, we constructed a library of 40 natural products from dietary supplements and evaluated their anti-LASV entry activities. As a result, capsaicin, a well-known substance naturally abundant in chili peppers[@bib27] was identified as an inhibitor of LASV entry. As a predominant capsaicinoid, capsaicin is known as an agonist of the transient receptor potential vanilloid subtype 1 (TRPV1), or the capsaicin receptor[@bib28] resulting in the 'hot' and burning sensations associated with chili peppers as spice. This bioactivity was also applied clinically as an analgesic for the treatment of peripheral neuropathic pain, such as painful diabetic peripheral neuropathy, HIV-related neuropathic pain and postherpetic neuralgia[@bib29], [@bib30], [@bib31]. This study for the first time disclosed capsaicin\'s activity against LASV entry, and it is the first report for this famous natural product as a direct acting antiviral.

2. Materials and methods {#sec2}
========================

2.1. Cells and plasmids {#sec2.1}
-----------------------

HEK293T, A549, Vero and U-87MG cells were obtained from the China Infrastructure of Cell Line Resource (Beijing, China). Vero E6 cells were obtained from the American Type Culture Collection (ATCC). U-87 MG cells were cultured in MEM medium (Invitrogen, Carlsbad, CA, USA) supplemented with 10% fetal bovine serum (FBS; Gibco, Grand Island, NY, USA), 100 μg/mL streptomycin and 100 IU/mL penicillin. All other cell lines were grown in Dulbecco\'s modified Eagle\'s medium (DMEM; Invitrogen) supplemented with 10% FBS, 100 μg/mL streptomycin and 100 IU/mL penicillin. Cells were maintained in a humidified atmosphere containing 5% CO~2~ at 37 °C.

The codon-optimized GP genes of LASV lineage I strain LP, lineage II strain 803213, lineage III strain GA391 and lineage IV strain Josiah and LCMV strain Armstrong 53b were described previously[@bib32]^,^[@bib33]. The codon optimized GP gene of LASV lineage V strain AV (GenBank Accession No. AF246121.2) was synthesized and inserted into eukaryotic expression vector by TSINGKE Biotech (Beijing, China). Plasmids encoding chimeric LASV-GPs \[*i*.*e*., LASV-GP-(SSP-GP2~TM~)~LCMV~, LASV-GP-(SSP~Cyto~)~LCMV~, LASV-GP-(SSP~TM1~)~LCMV~, LASV-GP-(SSP~Ecto~)~LCMV~ and LASV-GP-(SSP~TM2~)~LCMV~\] and LASV-GPs with single residue mutations were constructed as described previously[@bib33]. The env-deficient HIV core plasmid (pNL4-3.Luc.R^--^E^--^) and vesicular stomatitis virus glycoprotein plasmid (VSV-G) were described previously[@bib32]^,^[@bib33].

2.2. Compounds {#sec2.2}
--------------

The natural products were selected from an assembled compound library from dietary supplements (Cat. No. L6000, purity\>95%, TargetMol, Boston, MA, USA; Cat. No. L1400, purity\>95%, Selleck Chemicals, Houston, TX, USA). The capsaicin standard (purity\>98%) was purchased from TargetMol (Cat. No. T1062). ST-193, F3406-2010, efavirenz and bafilomycin A1 were described previously[@bib32]. Doxorubicin hydrochloride was purchased from TargetMol (Cat. No. T1020). All compounds were dissolved in dimethyl sulfoxide (DMSO, Cat. No. 34943, Sigma--Aldrich, St. Louis, MO, USA) and stored at −20 °C until use. DMSO (0.1%, *v*/*v*) was used as a solvent control in all experiments.

2.3. Cell viability assay {#sec2.3}
-------------------------

HEK293T and A549 cells were seeded in 96-well plates as 8 × 10^3^ cells/well on the day before the assay. The cells were treated with the tested compound and incubated for 48 h. The cell viability was evaluated by using CellTiter-Glo® Luminescent Cell Viability Assay (Cat. No.G7571, Promega, Madison, WI, USA). Cells treated with 0.1% DMSO (*v*/*v*) served as the solvent control, which is the indicator of 100% cell viability. Cells with medium served as a negative control. Cells treated with doxorubicin served as the positive control. Cell viability (%) and selectivity index (SI) were calculated as Eqs. [(1)](#fd1){ref-type="disp-formula"}, [(2)](#fd2){ref-type="disp-formula"}:

2.4. Pseudovirus production {#sec2.4}
---------------------------

The pseudotyped-LASVs (lineages I--V) were generated as previously described[@bib33]. Briefly, the plasmids encoding LASV-GP and the HIV vector (pNL4.3.Luc-R^--^E^--^) were co-transfected into HEK293T cells by using jetPRIME transfection reagent (Polyplus-transfection, New York, NY, USA). Forty-eight hours post-transfection, the LASV-GP/HIV-luc were collected and filtered through a 0.45 μm poresize filter (Millipore, Burlington, MA, USA). The pseudoviruses were layered onto 20% (*w*/*v*) sucrose and centrifuged at 300,000×*g* (L-100XP Ultracentrifuge, Beckman Coulter Inc., Brea, CA, USA) for 2 h at 4 °C. After that, the LASV-GP/HIV-luc were re-suspended in PBS, quantified by the HIV-1 p24 ELISA kit (Cat. No. KIT11695, Sino Biological Inc., Beijing, China) and stored at −80 °C until use. Pseudoviruses bearing the GP of LASV (strain AV) or chimeric LASV-GPs were generated under the same experimental condition.

2.5. Pseudovirus infection assay and compound detection in vitro {#sec2.5}
----------------------------------------------------------------

Pseudovirus infectivity was measured by the Luciferase Assay System (Cat. No. E1501, Promega) as described previously[@bib32], [@bib33], [@bib34]. A549 cells were seeded into 24-well plates at a density of 4 × 10^4^ cells/well the day before infection. The cells were incubated with reference compound or tested compounds 15 min prior to pseudoviron infection. Forty-eight hours post-infection, the cells were lysed, and luciferase activity was measured by a luciferase assay kit (Promega). All of these experiments were performed in triplicates.

2.6. Time-of-addition assay {#sec2.6}
---------------------------

This assay was performed as described previously[@bib32]^,^[@bib33]. Briefly, A549 cells were incubated with LASV pseudovirions at 4 °C for 2 h for the attachment. The supernatant containing the unattached virions was removed, and fresh medium was replenished. The cells were incubated at 37 °C for 48 h. Then, the cells were lysed, and luciferase activity was measured by the luciferase assay kit. Capsaicin (30 μmol/L), ST-193 (1 μmol/L) and bafilomycin A1 (3 nmol/L) were incubated with cells during LASV-GP/HIV attachment, post-attachment or throughout the entire process. The assay was performed in triplicates.

2.7. Virus binding assay {#sec2.7}
------------------------

Capsaicin (300 μmol/L) was incubated with LASV-GP (strain Josiah)/HIV-luc or LCMV-GP/HIV-luc at 4 °C for 4 h. The pseudovirons were then layered onto 20% (*w*/*v*) sucrose and centrifuged at 300,000×*g* (L-100XP Ultracentrifuge, Beckman) for 2 h. The supernatant was removed, and the pseudovirons were resuspended in PBS. The harvested pseudoviruses were incubated with A549 cells for 48 h. The infected cells were lysed, and luciferase activity was measured by the Luciferase Assay System. The luciferase activity of the DMSO (0.1%, *v*/*v*) solvent control was used as the 100% infectivity indicator. ST-193 (0.1 μmol/L), F3406-2010 (10 μmol/L) and bafilomycin A1 (0.1 μmol/L) were used as the reference compounds. The assay was performed in triplicates.

2.8. Cell--cell fusion assay {#sec2.8}
----------------------------

The assay was performed as described previously[@bib32]^,^[@bib33]. Briefly, HEK293T cells were co-transfected with plasmids expressing LASV-GP (or LCMV-GP) and the enhanced green fluorescent protein (EGFP). The transfected cells were seeded into 48-well plates at a density of 1 × 10^5^ cells/well. Twenty-four hours later, the medium was removed, and the cells were incubated with PBS (pH 4.7) for 20 min. Then the PBS was removed, and the fresh medium was added into the wells. The cells were incubated at 37 °C for 4 h, and syncytium formation was observed under a fluorescence microscope (IX71, Olympus Corp., Shinjuku, Tokyo, Japan). Capsaicin (50 μmol/L), bafilomycin A1 (10 nmol/L), ST-193 (0.1 μmol/L) or F3406-2010 (10 μmol/L) were added to the cells 4 h before low pH treatment, during low pH treatment or during the whole process, *i*.*e*., before and during low pH treatment.

2.9. Construction of chimeric LASV-GP and LCMV-GP plasmids {#sec2.9}
----------------------------------------------------------

The genes of chimeric LCMV-GP \[LCMV-GP-(SSP-GP2~TM~)~LASV~\] and chimeric LASV-GP \[LASV-GP-(SSP)~LCMV~\] were created by overlapping PCR. The SSP (Met1 to Thr58) and GP2~TM~ (Leu428 to Leu447) region of LASV-GP open reading frame were amplified by PCR and then were both used to replace the SSP (Met1 to Gly58) and GP2~TM~ (Leu434 to Leu455) region of LCMV-GP to get LCMV-GP-(SSP-GP2~TM~)~LASV~. The LCMV-GP SSP (Met1 to Gly58) open reading frame were amplified by PCR and then were used to replace the SSP region (Met1 to Thr58) of LASV-GP to get LASV-GP-(SSP)~LCMV~. The chimeric gene sequences were inserted into pCMV3 vector and identified by DNA sequencing.

2.10. Statistical analysis {#sec2.10}
--------------------------

The mean values, standard deviation (SD), EC~50~, and CC~50~ values were calculated by GraphPad Prism software. The statistical analysis in this study was performed by using Student\'s *t*-test. The asterisks represent significant differences: \**P* \< 0.05, \*\**P* \< 0.01, and \*\*\**P* \< 0.001.

3. Results {#sec3}
==========

3.1. Capsaicin is identified as a LASV specific entry inhibitor {#sec3.1}
---------------------------------------------------------------

Dietary supplements of potential health benefits could be categorized into vitamins, minerals, proteins and amino acids, bodybuilding supplements, essential fatty acids, natural products, probiotics, etc. Among these categories, natural products, often the extracts from plants, animals, algae, fungi or lichens, are the source of biologically active compounds with wide structural diversity. In this study, we evaluated 40 natural products from an assembled library of labeled dietary supplements for their inhibitory activity against LASV-GP/HIV-luc (strain Josiah) infection ([Fig. 1](#fig1){ref-type="fig"}A and [Supporting Information Table S1](#appsec3){ref-type="sec"}). These compounds were first tested for cytotoxicity on HEK293T cells by CellTiter-Glo assay at a final concentration of 10 μmol/L, and those resulting in less than 10% reduction of cell viability were selected for subsequent activity evaluations. The compounds were tested by VSV-G/HIV-luc pseudovirus infection to rule out compounds with any effect on VSV glycoprotein or HIV-1 replication, and compounds with less than 10% inhibitory activity on VSV-G/HIV-luc infection then proceed for evaluation against LASV-GP/HIV-luc infection. Compounds resulting in less than 50% infectivity of LASV-GP/HIV-luc were considered effective against LASV entry. Capsaicin was identified from this process with a specific inhibitory effect against LASV-GP/HIV-luc with an EC~50~ of 6.9 μmol/L ([Fig. 1](#fig1){ref-type="fig"}B and C). We tested the anti-LASV activity of capsaicin on A549, Vero E6, Vero and U-87MG cells to validate its anti-LASV activity, and our results show that the anti-LASV activity of capsaicin is not cell type specific ([Supporting Information Table S2](#appsec3){ref-type="sec"}).Figure 1Identification of capsaicin as a LASV entry inhibitor by screening a natural product library from dietary supplements. (A) A flow chart of screening 40 natural products against LASV-GP pseudotyped virus infection. (B) The chemical structure of capsaicin. (C) The dose--response curve demonstrating the inhibitory activity of capsaicin against LASV-GP/HIV-luc, LCMV-GP/HIV-luc and VSV-G/HIV-luc pseudovirus infection, as well as cell viability on HEK293T cells. Cells treated with 0.1% DMSO (*v*/*v*) served as the indicator of 100% cell viability. The data are represented as the mean ± SD (*n* = 3).Figure 1

LASV belongs to Old World arenaviruses and is phylogenetically close to the lymphocytic choriomeningitis virus (LCMV, [Supporting Information Fig. S1](#appsec3){ref-type="sec"}), which is a human pathogenic arenavirus of clinical significance[@bib35]^,^[@bib36]. We tested capsaicin against LCMV-GP/HIV-luc infection and found that capsaicin had no significant effect on LCMV infection ([Fig. 1](#fig1){ref-type="fig"}C and [Table 1](#tbl1){ref-type="table"}).Table 1Effects of capsaicin on LASV-GP (lineages I--V) pseudotyped virus entry on A549 cells.Table 1PseudovirusCapsaicinST-193F3406-2010EC~50~ (μmol/L)95% CI (μmol/L)EC~50~ (μmol/L)95% CI (μmol/L)EC~50~ (μmol/L)95% CI (μmol/L)LASV-GP/HIV-lucLineage I (strain LP)15.410.9--21.80.0130.0048--0.037\>10/Lineage II (strain 803213)15.910.0--25.10.00130.00058--0.0027\>10/Lineage III (strain GA391)10.87.4--15.80.00130.00076--0.0022\>10/Lineage IV (strain Josiah)8.46.9--10.20.00240.0016--0.0037\>10/Lineage V (strain AV)6.55.4--7.80.000820.00055--0.0012\>10/LCMV-GP/HIV-luc(strain Armstrong 53b)\>30/\>10/0.150.14--0.16[^2][^3]

The LASV species demonstrates a high genetic diversity, which could be further divided into 5 or 6 lineages, consistent to their geographic distribution[@bib37]^,^[@bib38]. In this study, in addition to the LASV strain Josiah (lineage IV) we used in the primary activity evaluation, we selected another four strains of LASV that are the genetic representative of each of their LASV lineages ([Supporting Information Figs. S2 and S3](#appsec3){ref-type="sec"}), and tested capsaicin activity against the entry of these strains of LASV pseudotypes. Capsaicin showed a comparable activity towards 5 LASV strains with EC~50~s of 6.5--15.9 μmol/L ([Table 1](#tbl1){ref-type="table"} and [Supporting Information Fig. S4](#appsec3){ref-type="sec"}).

Taken together, capsaicin specifically inhibit LASV rather than LCMV among Old World arenaviruses, while displaying a comparable effect on various strains within the LASV species, indicating that capsaicin is a specific inhibitor of LASV entry.

3.2. Capsaicin blocks LASV entry by inhibiting LASV-GP mediated fusion {#sec3.2}
----------------------------------------------------------------------

Many studies have delineated the stepwise fashion of LASV entry into host cells. LASV attaches to the cell surface through interaction between virus GP1 and cellular receptor *α*-DG[@bib39]^,^[@bib40]. Following endocytosis and endosomal acidification, LASV GP1 detaches from *α*-DG and the GPC to bind LAMP1[@bib8], meanwhile LASV GP2 undergoes conformational changes and triggers viral-endosomal membrane fusion[@bib9], releasing virus genome into the cytoplasm. In this study, we first identify the step in which capsaicin exerts its effect by a time-of-addition assay[@bib32]^,^[@bib33]. Capsaicin as well as reference compounds bafilomycin A1 and ST-193 were incubated with A549 cells as depicted ([Fig. 2](#fig2){ref-type="fig"}). As shown in [Fig. 2](#fig2){ref-type="fig"}A, capsaicin is effective in both the attachment and the post-attachment phase, displaying a similar inhibitory pattern to ST-193, a known arenavirus fusion inhibitor that targets GPC,[@bib18] while the proton pump inhibitor bafilomycin A1 is only effective post-attachment, suggesting that capsaicin may interact directly with the LASV pseudovirions and that it may take effect at the viral fusion step.Figure 2Capsaicin specifically inhibited low pH triggered LASV-GP mediated cell--cell fusion by binding directly to the virions. (A) Capsaicin affects the attachment and post-attachment, but not pre-attachment process of LASV entry. A549 cells were incubated with the test compounds or the same amount DMSO for 2 h at 37 °C (pre-attachment treatment) and then the supernatant was washed out. The LASV pseudovirions were added and incubated with the cells at 4 °C for 2 h (attachment). The supernatant which containing the unattached virions was removed and fresh medium was replenished. The cells were incubated at 37 °C for 48 h (post-attachment). The cells were lysed, and luciferase activity was measured by the luciferase assay kit. Capsaicin (30 μmol/L), ST-193 (1 μmol/L), bafilomycin A1 (3 nmol/L), or the same amount of DMSO was treated at pre-attachment, during the attachment, post-attachment or attachment + post-attachment. (B) and (C) Capsaicin inhibited low pH-triggered LASV-GP or LCMV-GP mediated cell--cell fusion. HEK293T cells were co-transfected with plasmids expressing LASV-GP (or LCMV-GP) and EGFP. The transfected cells were seeded into 48-well plates. Twenty-four hours later, the medium was removed, and the cells were incubated with PBS (pH 4.7) for 20 min. Then the low pH PBS was replaced with fresh medium and incubated for 4 h. Syncytium formation of the cells was observed *via* fluorescence microscopy. Capsaicin (50 μmol/L), bafilomycin A1 (10 nmol/L), ST-193 (0.1 μmol/L) or F3406-2010 (10 μmol/L) were added to the cells 4h before the low pH treatment, during low pH treatment or before + during low pH treatment. Scale bar, 100 μm. (D) Capsaicin blocks LASV entry by binding directly to LASV-GP/HIV-luc virions. LASV-GP/HIV-luc or LCMV-GP/HIV-luc was incubated with Capsaicin (300 μmol/L) at 4 °C for 4 h and then the supernatant was removed by ultracentrifugation. The pseudovirons were resuspended and used to infect A549 cells. Forty-eight hours post-infection, the cells were lysed, and luciferase activity was measured. The same amount of DMSO was used as the solvent control; ST-193 (0.1 μmol/L), F3406-2010 (10 μmol/L) and bafilomycin A1 (0.1 μmol/L) were used as the reference compounds. The luciferase activity of the solvent control was used as the 100% infectivity indicator. The data are represented as the mean ± SD (*n* = 3). Statistical significances between treatment group and DMSO group were calculated by Student\'s *t*-test using GraphPad Prism software, with asterisks representing significant differences: \**P* \< 0.05, \*\**P* \< 0.01, and \*\*\**P* \< 0.001.Figure 2

We next used the established cell--cell fusion assay[@bib32]^,^[@bib33] to confirm the effect of capsaicin on GPC mediated fusion. Capsaicin as well as reference compounds ST-193, F3406-2010[@bib41], and bafilomycin A1 were added to cells expressing GPC and EGFP at specific time of low pH triggering as indicated in [Fig. 2](#fig2){ref-type="fig"}B and C, and cell--cell fusion was observed 4 h after low pH treatment as indicated by green fluorescence. The results showed that capsaicin inhibited LASV-GP mediated fusion, but it did not affect LCMV-GP mediated fusion, suggesting that capsaicin specifically targets the LASV fusion process.

A virus binding assay was also employed to explore whether there is an interaction between capsaicin and LASV virions. Capsaicin, along with reference compounds ST-193, F3046-2010 and bafilomycin A1 were incubated with LASV-GP/HIV-luc or LCMV-GP/HIV-luc. The compound-treated pseudoviruses were collected through ultracentrifugation to exclude un-bounded compound as well as supernatants. The harvested viruses were then used to infect A549 cells. The results showed that LASV-GP/HIV-luc treated with capsaicin had a low infectivity, similar to that of ST-193, indicating that capsaicin interacts directly with LASV-GP ([Fig. 2](#fig2){ref-type="fig"}D).

3.3. Capsaicin targets the SSP-GP2 interface of LASV glycoprotein {#sec3.3}
-----------------------------------------------------------------

The arenavirus stable signal peptide (SSP) is a unique functional subunit in the GPC[@bib38]. SSP forms a non-covalent interaction with GP2 near the transmembrane region which is essential to the LASV fusion process[@bib6]. Compounds that interact with this complex directly will lead to a failure of the viral fusion. In this study, we investigated whether the specific inhibition of LASV-GP mediated fusion by capsaicin was associated with this interaction between SSP and GP2. To identity the region with which capsaicin interact, we established two chimeric GPC constructs where one is LASV-GP with its SSP and GP2~TM~ substituted by LCMV SSP and GP2~TM~, termed LASV-GP-(SSP-GP2~TM~)~LCMV~, and another is LCMV-GP with its SSP and GP2~TM~ substituted by the respective LASV SSP and GP2~TM~, termed LCMV-GP-(SSP-GP2~TM~)~LASV~ ([Table 2](#tbl2){ref-type="table"} and [Fig. 3](#fig3){ref-type="fig"}A). We tested the activity of capsaicin against the above chimeric GPC packed pseudoviruses, along with reference compounds ST-193 and F3406-2010. As shown in [Table 2](#tbl2){ref-type="table"} and [Supporting Information Fig. S5](#appsec3){ref-type="sec"}, the LASV fusion inhibitor ST-193 lost its activity against LASV-GP-(SSP-GP2~TM~)~LCMV~/HIV-luc while the LCMV specific inhibitor F3406-2010 was effective against LASV-GP-(SSP-GP2~TM~)~LCMV~/HIV-luc, which are consistent to their mode of action[@bib6]^,^[@bib33]. Capsaicin showed a comparable activity against LCMV-GP-(SSP-GP2~TM~)~LASV~/HIV-luc and LASV wild type (strain Josiah LASV pseudotype), while it completely lost its activity against LASV-GP-(SSP-GP2~TM~)~LCMV~/HIV-luc, indicating that capsaicin indeed targets the LASV SSP-GP2~TM~ interface of GPC.Table 2Effects of capsaicin on LASV-GP-(SSP-GP2~TM~)~LCMV~ and LCMV-GP-(SSP-GP2~TM~)~LASV~ mediated viral entry on A549 cells.Table 2PseudovirusCapsaicinST-193F3406-2010EC~50~ (μmol/L)95% CI (μmol/L)EC~50~ (μmol/L)95% CI (μmol/L)EC~50~ (μmol/L)95% CI (μmol/L)LASV-GP/HIV-luc10.08.0--12.40.00240.0014--0.0043\>10/LCMV-GP/HIV-luc\>30/\>10/0.230.19--0.28LASV-GP-(SSP-GP2~TM~)~LCMV~/HIV-luc\>30/\>10/0.440.39--0.49LCMV-GP-(SSP-GP2~TM~)~LASV~/HIV-luc6.15.1--7.40.000890.00073--0.0011\>10/[^4][^5]Figure 3Fragment replacements and residue substitutions between LASV-GP (orange) and LCMV-GP (blue). (A) The domains of LASV-GP, LCMV-GP, LASV-GP-(SSP-GP2~TM~)~LCMV~ and LCMV-GP-(SSP-GP2~TM~)~LASV~ are showed in diagram. (B)--(D) Amino acid sequence alignment of SSP (B), SSP~TM1~ (C) and GP2~TM~ region (D) between LASV-GP (strain Josiah) and LCMV-GP (strain Arm53b) along with their composition cartoons. The role of the replaced fragments and the residue substitutions which marked with black triangles is investigated in this study.Figure 3

3.4. The N-terminal transmembrane region of SSP is a crucial region for the anti-LASV activity of capsaicin {#sec3.4}
-----------------------------------------------------------------------------------------------------------

SSP is a 58-residue long signal peptide that spans the membrane twice, with two cytoplasmic regions, two hydrophobic putative transmembrane regions and one ectodomain[@bib6]. To further evaluate the specific regions in SSP-GP2~TM~ and determine how they affect capsaicin activity, we divided LASV SSP into four segments ([Table 3](#tbl3){ref-type="table"} and [Fig. 3](#fig3){ref-type="fig"}B) and replaced each segment with its LCMV SSP counterpart. Capsaicin was tested against infections of pseudoviruses bearing these chimeric LASV-GPs ([Table 3](#tbl3){ref-type="table"} and [Supporting Information Fig. S6](#appsec3){ref-type="sec"}) with ST-193 and F3406-2010 as references. Capsaicin showed a similar inhibitory activity on LASV-GP-(SSP~Cyto~)~LCMV~/HIV-luc, LASV-GP-(SSP~Ecto~)~LCMV~/HIV-luc and LASV-GP-(SSP~TM2~)~LCMV~/HIV-luc compared with wild type (strain Josiah LASV pseudotype), while it lost its activity on LASV-GP-(SSP~TM1~)~LCMV~/HIV-luc as well as LASV-GP-(SSP)~LCMV~/HIV-luc ([Table 3](#tbl3){ref-type="table"}), indicating that SSP~TM1~ is a key module in the anti-LASV activity of capsaicin.Table 3Activities of capsaicin against LASV-GPs with fragment substitution in SSP mediated viral entry on A549 cells.Table 3PseudovirusCapsaicinST-193F3406-2010EC~50~ (μmol/L)95% CI (μmol/L)EC~50~ (μmol/L)95% CI (μmol/L)EC~50~ (μmol/L)95% CI (μmol/L)LASV-GP/HIV-luc9.37.6--11.50.00240.0016--0.0037\>10/LASV-GP-(SSP)~LCMV~/HIV-luc\>30/0.00290.0021--0.00400.160.13--0.19LASV-GP-(SSP~Cyto~)~LCMV~/HIV-luc8.36.4--10.70.00210.0012--0.00385.23.1--8.6LASV-GP-(SSP~TM1~)~LCMV~/HIV-luc\>30/0.190.089--0.411.10.47--2.5LASV-GP-(SSP~Ecto~)~LCMV~/HIV-luc16.911.8--24.30.00570.0038--0.0085\>10/LASV-GP-(SSP~TM2~)~LCMV~/HIV-luc17.311.3--26.40.00540.0031--0.0093\>10/[^6][^7]

Amino acid sequence alignment in the SSP~TM1~ region showed eight distinct residues between LASV and LCMV ([Table 4](#tbl4){ref-type="table"} and [Fig. 3](#fig3){ref-type="fig"}C). To identify which residues affect the anti-LASV activity of capsaicin, we generated eight LASV-GP constructs, each bearing one of these single residues mutated to its LCMV counterpart ([Supporting Information Fig. S7](#appsec3){ref-type="sec"}). We tested the activity of capsaicin against these LASV pseudoviruses with single residue mutations in SSP~TM1~ and found that capsaicin completely lost its activity on A25V mutant virus, and a slightly activity loss on S27I mutant virus with 2-fold EC~50~ increase, while displaying comparable activity on other single residue mutants ([Table 4](#tbl4){ref-type="table"}).Table 4Activities of capsaicin against LASV-GP-SSP~TM1\ mutation~ mediated viral entry on A549 cells.Table 4PseudovirusCapsaicinST-193F3406-2010EC~50~ (μmol/L)95% CI (μmol/L)EC~50~ (μmol/L)95% CI (μmol/L)EC~50~(μmol/L)95% CI (μmol/L)LASV-GP/HIV-luc9.36.4--13.60.00440.0029--0.0067\>10/LASV-GP~M19I~/HIV-luc8.25.8--11.50.000400.00020--0.000783.73.2--4.2LASV-GP~L23I~/HIV-luc14.310.5--19.50.00960.0048--0.0190.470.29--0.77LASV-GP~A25V~/HIV-luc\>30/0.00220.0011--0.00449.16.8--12.0LASV-GP~S27I~/HIV-luc21.013.7--32.10.0900.032--0.259.55.5--16.3LASV-GP~L29I~/HIV-luc8.55.4--13.50.0670.030--0.157.45.7--9.7LASV-GP~A30T~/HIV-luc8.36.2--11.20.0220.014--0.0348.53.8--18.7LASV-GP~V31G~/HIV-luc9.77.0--13.30.0510.028--0.0967.15.9--8.4LASV-GP~L32I~/HIV-luc11.47.6--17.10.0320.019--0.052\>10/[^8][^9]

Taken together, these results indicated that residue Ala25 in SSP~TM1~ is associated with the anti-LASV activity of capsaicin, and implied an interaction between the SSP~TM1~ and GP2 possibly mediated by the residue.

3.5. Val431, Phe434 and Val435 in the transmembrane region of GP2 involve in capsaicin activity {#sec3.5}
-----------------------------------------------------------------------------------------------

SSP is known to interact non-covalently with the fusion subunit GP2, participates in GPC mediated fusion and functions by stabilizing GP2 structure[@bib42]. After identifying SSP~TM1~ as an important region in the SSP-GP2 interface, we next sought to identify residues in the respective GP2~TM~ region that might associate with capsaicin activity. We inspected the amino acid sequences of LASV and LCMV in the GP2~TM~ region and they revealed 6 distinct residues ([Table 5](#tbl5){ref-type="table"} and [Fig. 3](#fig3){ref-type="fig"}D). We established 6 LASV pseudoviruses bearing these mutant LASV-GPs ([Fig. S7](#appsec3){ref-type="sec"}), and tested capsaicin activity against their infection ([Table 5](#tbl5){ref-type="table"}). The results showed that capsaicin lost its activity against LASV pseudotypes bearing V431M, F434L or V435M mutation, indicating that Val431, Phe434, and Val435 in GP2~TM~ of LASV are activity determinants of capsaicin, and might play important roles in SSP-GP2 interaction. The reference compounds ST-193 and F3406-2010 displayed a loss of activity consistent with previous reports[@bib18]^,^[@bib41].Table 5Effects of capsaicin on LASV-GP-GP2~TM\ mutation~ mediated viral entry on A549 cells.Table 5PseudovirusCapsaicinST-193F3406-2010EC~50~ (μmol/L)95% CI (μmol/L)EC~50~ (μmol/L)95% CI (μmol/L)EC~50~ (μmol/L)95% CI (μmol/L)LASV-GP/HIV-luc8.36.9--10.00.00960.0051--0.018\>10/LASV-GP~G429A~/HIV-luc11.06.9--17.50.00760.0051--0.011\>10/LASV-GP~V431M~/HIV-luc\>30/0.730.52--1.01.51.2--1.9LASV-GP~F434L~/HIV-luc\>30/0.0140.0060--0.031\>10/LASV-GP~V435M~/HIV-luc\>30/1.60.91--2.7\>10/LASV-GP~F440A~/HIV-luc14.010.0--19.70.00930.0032--0.027\>10/LASV-GP~I443V~/HIV-luc16.69.2--29.90.00950.0044--0.021\>10/[^10][^11]

4. Discussion {#sec4}
=============

In this study, we discovered capsaicin as a LASV entry inhibitor that functions by blocking the LASV-GP mediated viral fusion ([Fig. 2](#fig2){ref-type="fig"}B and C) and binding directly to the LASV pseudovirions ([Fig. 2](#fig2){ref-type="fig"}D). Further mechanism study showed that it targets the SSP--GP2 interface, a crucial functioning unit of LASV GPC mediated fusion ([Table 2](#tbl2){ref-type="table"}). Site-directed mutagenesis study revealed single residues in the SSP~TM1~ and GP2~TM~ that affect anti-LASV activity of capsaicin ([Table 3](#tbl3){ref-type="table"}, [Table 4](#tbl4){ref-type="table"}, [Table 5](#tbl5){ref-type="table"}). These results implied a possible non-covalent interaction between residues Ala25 in SSP~TM1~ and Val431, Phe434, Val435 in GP2~TM~, and that a hydrophobic pocket may be formed. The two reference compounds we used in the mutational study, ST-193 and F3406-2010, showed a consistent pattern of activity variation with previous studies as in mutations V431M and V435M[@bib18]^,^[@bib41], meanwhile displayed new sensitivities to mutations such as L23I and F434L. These results provided valuable information and new insight into the possible pattern of interaction between SSP~TM1~ and GP2~TM~ when structural information regarding the SSP--GP2 interface is still unavailable. Taken together, these results not only provided support for the crucial role of SSP~TM1~ in the interaction between SSP and GP2~TM~, validated Val431 and Val435, two previously reported drug sensitive residues in the GP2~TM~, and identified two residues, Ala25 in SSP~TM1~ and Phe434 in GP2~TM~ that are important for capsaicin activity, but also brought up valuable target information for novel arenavirus fusion inhibitors design or discovery based on the unique SSP--GP2 interface of arenavirus GPC.

Our study for the first time identified capsaicin, the famous natural product from dietary supplements, as a direct acting antiviral, which is notably distinct from its traditional biological effect and application. Capsaicin is the major active component of chili peppers, which is one of the most popular and historical foods, and is used widely as a spice in the world. It also has a long history in medical usage, as it was recorded as a medicine for gastrointestinal diseases in China since the 15th century. Modern pharmacology revealed that the traditional medical usage of capsaicin in pain relief is due to the stimulation and subsequent desensitization of TRPV1[@bib28], a non-selective cation channel on neuron cells. Capsaicin was also investigated for a wide range of indications such as obesity[@bib43], osteoarthritis[@bib44], cancer complementary therapeutics[@bib45]^,^[@bib46], pruritus[@bib47], and cannabinoid hyperemesis syndrome (CHS)[@bib48]; however, the underlying mechanism of the effect of capsaicin on these non-neuropathic syndromes remains to be clarified. Historically peppers have been used as a dietary preservative for capsaicin\'s bactericidal properties[@bib49]. There has been a report on the anti-herpes simplex virus activity of *Capsicum annuum* extract[@bib50]; however, the anti-infective mechanism has been unclear. To the best of our knowledge, our study is the first report of the single molecular entity capsaicin as a direct acting antiviral.

The discovery of capsaicin as an antiviral agent not only offered a novel category of structural backbone in targeting LASV glycoprotein, but also disclosed a new potential medical usage for this historically used natural product and commonly known dietary supplement. There are two prominent advantages of developing therapeutic treatments from natural products over *de novo* drug design: compounds coming from natural products display a high level of structural diversity, which is not easily accomplished through small molecule design. Natural product components are often predisposed with biological significance through a long history of evolutionary selection and optimization[@bib51]. In addition, natural products under the category of dietary supplements could also add safety to its existing advantages. According to the USA DSHEA act of 1994, dietary supplements are considered a subset of foods, and are regulated accordingly. There are strict regulations regarding the toxicity of dietary supplements that are for human ingestions, which gives them a high safety profile. In recent years, high-dose natural products have received much research attention because of their potential health effects[@bib26]. In the field of antiviral discovery, the citrus peel extract tangeretin has been the first natural product reported with anti-LASV activity[@bib32]. The discovery of capsaicin as yet another natural product with anti-LASV property suggests that compounds sourced from natural dietary supplements or traditional medicines could be a good start for the discovery of novel antiviral therapeutics.

Taken together, this study identified capsaicin as a LASV fusion inhibitor, providing a lead compound derived from natural dietary supplements with a distinct chemical scaffold that targets LASV glycoprotein. This study also highlighted the role of SSP~TM1~ in the interaction between SSP and GP2, and identified important residues in both SSP~TM1~ and GP2~TM~ that affect antiviral activity, providing framework for the discovery and design of arenavirus fusion inhibitors based on the SSP--GP2 interface of mammarenavirus glycoprotein.
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